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Abstract 
 
In the present study, κ-carrageenan, a sulphated galactan polysaccharides extracted from marine algae, was 
investigated in terms of molecular mobility of polysaccharide and probe molecule during gelation. NMR methods 
were employed to evaluate the gelation mechanism and the gel network structure. A comprehensive structural and 
dynamic understanding of polysaccharide chains during gelling process was obtained. 
 
1) Changes in the molecular mobility of κ-carrageenan were observed by pulsed field gradient stimulated echo 
(PGSTE) NMR and Carr-Purcell-Meiboom-Gill (CPMG) methods in order to elucidate the gelation mechanism of 
κ-carrageenan solutions. The echo signal intensity of κ-carrageenan in both the diffusion and relaxation 
measurements decreased steeply near the sol-to-gel transition temperature Ts-g, suggesting that κ-carrageenan formed 
aggregates and led to the formation of networks. Below Tsg, Spin-spin relaxation time T2 of κ-carrageenan and 
diffusion coefficient D obtained from the decay of echo signal intensity as a function of gradient strength, increased 
with decreasing temperature, indicating that the portion of κ-carrageenan chains remained as solute within the 
network has smaller molecular weight than that involved in aggregation. Moreover, the changes in the restrictions 
on molecular mobility in κ-carrageenan solutions were evaluated from measurements of D of a pullulan added as a 
probe molecule, which was sensitive to the microscopic environment change during the gelation process. The 
hydrodynamic screening length, which was considered to represent the hydrodynamic mesh size of the network 
created by κ-carrageenan chains, was estimated from D of the pullulan. Below a certain temperature, D of 
κ-carrageenan reached a higher value than that of pullulan, suggesting that molecular weight of κ-carrageenan 
became smaller than that of pullulan. This behavior corresponds well with the molecular weight distribution of 
κ-carrageenan in GPC measurement, where component of κ-carrageenan chains with smaller molecular weight than 
that of pullulan was observed. From the results above, a simple physical model of the structural change in 
κ-carrageenan solution during gelation process was proposed, where κ-carrageenan chains are divided into two 
portions, one portion has larger molecular weight than that of pullulan, act as network for the diffusion of pullulan. 
The other portion is κ-carrageenan chains that possess smaller molecular weight than that of pullulan, which cannot 
act as a network but increase the local viscosity. The concentrations of long solute κ-carrageenan chains in 1%, 2% 
and 4% κ-carrageenan solutions are estimated from the echo signal intensity of κ-carrageenan and the total 
κ-carrageenan concentration. The effect of κ-carrageenan concentration on diffusion of pullulan was then discussed 
based on the hydrodynamic interactions of pullulan with the solute κ-carrageenan chains. 
 
2) The pulsed field gradient stimulated spin echo (PGSTE) 1H NMR method was utilized to measure the 
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Chapter 1 Introduction 
 
1.1 An introduction to carrageenans  
Carrageenan is a genetic name for a family of natural, water-soluble galactans that are 
isolated form red seaweeds, which are extensively used in the food industry as viscosity 
builders, gelling agents, or texture enhancers, stabilizers, and fat substitutes. They are 
incorporated into a wide range of products such as yogurt, chocolate milk, jellies, relishes, 
sauces, frozen desserts, cheese, instant breakfast, and meat products [Roberts & Quemener, 
1999; Zolper, 1995; Brummel & Lee, 1990]. Their commercial forms are rarely pure and 
normally contain varying amounts of the other carrageenan types. The exact amount of 
impurity depends on the seaweed source and the extraction procedure [Johnston-Banks, 
1990]. 
Various Carrageenan types can be differentiated with regard to the position and 
number of sulfate groups in carrageenan molecules [Rees, 1969]. The most relevant types 
to industry are κ-, ι- and λ-carragenan, their chemical structures are displayed in Fig.1.1. 
κ-Carrageenan is composed of alternating α-1,3-linked galactose-4-sulfate and β-1,4-linked 
3,6-anhydrogalactose; ι-carrgeenan differs only by the presence of an additional sulfate 
group at carbon 2 of 1,4 linked galactose unit [Rees & Welsh, 1977; Slootmaekers, 1991]; 
λ-carragenan does not contain any 3,6-anhydro linkages and presents a third sulfate group 
at carbon 6 of 1,4 linked galactose unit. There gelation ability is different from each other 
owing to the chemical structures. κ-Carrageenan can form strong and brittle gel, and 
ι-carrgeenan forms soft and elastic gel. Recently, it was found that λ-carragenan can also 
form a gel in the presence of certain trivalent cation (Fe3+) [Running et al., 2012]. 
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Fig.1.1 Chemical structure of κ-carrageenan (upper), ι-carrageenan (middle) and 
λ-carrageenan (lower) 
 
1.2 The characteristic of κ-carrageenan solutions  
Among carrageenans, κ-carrageenan has been attracting much attention due to its 
exceptional properties. κ-Carrageenan will form a thermo-reversible gel at relatively low 
temperatures. Thus, this biopolymer has the potential to be a prime thermo-responsive 
candidate not only as a carbohydrate fat replacer, where the melting of the microgels upon 
ingestion would simulate the creaminess and texture generally associated with high fat 
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content [Alting et al., 2009], but also as a smart delivery system where the encapsulated 
nutrients are released upon ingestion.  
The gelling properties of κ-carrageenan have been widely studied [Hjerde et al., 1999; 
MacAritain et al., 2003; Sankalia et al., 2006]. After heat treatment at high temperature, the 
κ-carrageenan molecules dissolved in a disordered form. The κ-carrageenan chains 
undergo conformation change to an ordered helical structure by lowering the temperature, 
which affects the solubility of the polymer and thus leads to a subsequent aggregation of 
helices. Aggregates of helices have been shown to be correlated with gelation [Lewis et al., 
1987; Rochas & Rinaudo, 1984; Viebke, Piculell, & Nilsson, 1994]. The ordered 
conformation has been described as a single helix [Smidsrød et al., 1980], a double helix 
[Morris et al., 1980], or a helical dimer [Rochas et al., 1987].  Moreover, the gel forming 
ability depends on the chemical structure, the nature of added salts and the temperature.  
The gelation of κ-carrageenan is inhibited by the electrostatic repulsion of the carboxyl 
group or sulfate group respectively. Cations which shield the electric repulsion or form the 
ionic bond will promote the gelation process. In general, κ-carrageenan shows selectivity 
for certain monovalent cations (e.g. K+, Rb+ and Cs+). This cation specificity leads to the 
formation of gels at different rheological properties. 
 
1.3 Purpose and Outline of the Thesis 
Due to the broad range of structural factors and the variety of experimental 
procedures used by different investigations, it is not surprising that several controversies on 
the kinetics of gel formation and nature of the ordered conformations of κ-carrageenan 
persist. The type of conformation transition (coil-helix or coil-double helix), the relation 
between conformation transition and gelation and the sequence of steps leading to the 
gelation, have been, and still are, a matter of debate. Although there is a general agreement 
on a two-step mechanism of gelation, i.e. a disordered to ordered transition followed by 
association and network formation, there appears to be little extensive work on the gelation 
behavior.  
The diffusion of solvent and solute molecules in polymer solutions has sparked 
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particular interest because of its significance in a number of applications, such as release of 
drugs and active components in pharmaceuticals and foods, chromatographic separation, 
and so on. In all these applications, the polymer solution matrix is used to restrict and 
control mass transport. One of the physical quantities, which characterizes the transport 
properties of polymer solution, is the diffusion coefficient of probe molecules in the 
polymer solution. 
Diffusion motion of probe molecules depends upon the structure and mobility of matrix 
as well as the diffusing molecules and interactions between the diffusing molecules and the 
matrix [Walderhaug, Söderman & Topgaard, 2010]. The polymer network interferes with 
the Brownian random motion of probes in contrast to solution where the Brownian motion 
of solutes only collides with solvent or neighboring solutes. The diffusion process must be 
closely correlated with the matrix structure, which should be a function of network mesh 
size ξ [Petit, Roux, & Zhu, 1996; Amsden, 1998]. ξ is considered to represent the average 
distance between neighboring contact points of polymer chains. Although the 
determination of network mesh size is important for transport control in polymer matrix, 
very little data is available.  
The interactions between a solute and the polymer network are usually described in 
two different terms, chemical and frictional. The result of chemical interaction then 
includes the retardation of solute diffusion due to attractive forces, e.g., electrostatic forces 
between a charged solute and a polyelectrolyte of opposite charge. Chemical interactions 
sometimes dominate the diffusion process, while in other cases they are almost negligible. 
On the other hand, solute diffusion will always be influenced by frictional effects, in which 
we include solvent effects, steric hindrance, hydrodynamics, and so on. Extensively studies 
on the diffusion in κ-carrageenan gels have been done using PEG [Johansson, 1991; 
Walther et al., 2006] and dendrimer [Lorén et al., 2009] as probe molecules. These studies 
mainly focus on the probe diffusion in different gel structures, where the gel structure was 
varied by the salt conditions and cooling rate. Nevertheless, there is a lack of systematic 
research on the entire gelation process of κ-carrageenan solution which is important for 
clarifying the gelation mechanism of κ-carrageenan.  
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NMR diffusometry, a magnetic field gradient is added as a short pulse in additional to 
the static magnetic field so that the larmor frequency becomes spatially dependent and thus 
a spatial label with respect to the direction of the gradient. The attenuation of the echo 
signal from a stimulated pulse sequence is used to measure the displacement of the 
observed spins and thereby to determine the diffusion coefficient [Price, 1997]. Pulsed 
field gradient nuclear magnetic resonance (PFG NMR) is the most powerful non-invasive 
technique for probing self-diffusion [Price, 2009]. Combining this with the ease of sample 
preparation and the range of systems that may be investigated makes for a very attractive 
technique. Pulsed field-gradients may in modern commercial NMR instruments be 
produced with strengths of the order of 30 Tm-1. This makes it possible to determine 
diffusion coefficients in the range of 10-7 m2s-1 to 10-14 m2s-1, covering the range of 
self-diffusion coefficients that may ordinarily expected in liquid-like systems. Translational 
diffusion studies can provide detailed information about the dynamics in polymer systems 
and even on structure at molecular level. Therefore, it is an important parameter for 
recognizing the state of polysaccharide system in the sol state, the gelation process and the 
gel state. However, there is still no detailed report on dynamics analysis in terms of 
variation of diffusion coefficient during gelling process.  
In the present work, the author mainly reported and discussed results obtained by pulse 
field gradient (PFG) nuclear magnetic resonance (NMR) method on the structural changes 
and dynamics in κ-carrageenan solutions. The fraction of κ-carrageenan chains involved in 
aggregation can be directly estimated from the echo signal intensity of κ-carrageenan. The 
changes in molecular weight distribution are elucidated based on the change in diffusion 
coefficients of solute polysaccharide. The effect of κ-carrageenan concentration on 
diffusion motion of probe molecules is examined. Moreover, the hydrodynamic screening 
length in κ-carrageenan solution is quantified by observing the restrictions on the diffusion 
of several pullulan probes, each with a different molecular weight (Mw). 
In summary, in order to reveal the dynamics and structural changes of κ-carrageenan 
during the temperature-induced gelling processes, the present dissertation addressed 
κ-carrageenan in the following area: 
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1.  In Chapter 3, temperature dependences of the 1H intensities and diffusion coefficient 
for κ-carrageenan were analyzed in terms of the mobility of polysaccharide chain 
during cooling and heating. The temperature dependences of the 1H intensities and the 
diffusion coefficient for κ-carrageenan during cooling and heating were discussed in 
detail to describe the physical picture of the changes in the microscopic environment 
of κ-carrageenan solution during gelation. Furthermore, the changes in the restrictions 
on molecular mobility in these solutions were evaluated from measurements of D of a 
pullulan added as a probe molecule, which was sensitive to the dilution of the solute 
κ-carrageenan concomitant with the gelation. The hydrodynamic screening length ξ, 
which was considered to represent the hydrodynamic mesh size created by the 
relatively long κ-carrageenan chains, was calculated from the restriction extent on 
diffusion of pullulan. In order to quantify how the transport in κ-carrageenan solution 
can be controlled, particular attention is also given to the effect of κ-carrageenan 
concentration on the diffusion of pullulan.  
  
2.   In Chapter 4, five pullulan molecules, each with a different molecular weight were 
chosen as the probe molecules to estimate the hydrodynamic screening length from a 
different aspect. The diffusion coefficients of pullulan molecules in pure solvent were 
measured by varying the diffusion time in order to eliminate the effect of convection 
in dilute solution. The characteristic exponent v which reflects the solubility behavior 
(i.e. unperturbed dimension in a theta solvent or expanded in a good solvent) of 
pullulan was estimated using the scaling relations between the diffusion coefficient of 
pullulan in dilute solution and molecular weight of pullulan. The diffusion 
coefficients of pullulan added in κ-carrageenan solutions were measured, the obtained 
values were then compared with their values in pure solvent to estimate the restriction 
extent. The restriction extent shows a strong dependence on the molecular weight of 
pullulan. The hydrodynamic screening length was then estimated by plotting the ratio 
of diffusion coefficient of pullulan in κ-carrageenan to that in pure solvent as a 
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function of molecular weight.  
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Chapter 2 Molecular Mobility Observed by NMR  
 
2.1 Introduction 
In this chapter, some fundamental theories and techniques of Nuclear Magnetic 
Resonance (NMR) that play an important role for determining the diffusion coefficients 
will be described. 
 
2.2 Principles of pulsed field-gradient NMR 
Using the pulsed field-gradient (PFG) method, motion is measured by evaluating the 
attenuation of a spin echo signal [Price, 1998]. To describe the principle of NMR diffusion 
measurement, let us begin with the simplest pulse sequence: pulsed field-gradient spin 
-echo (PGSE). During application of the gradient, which is along the direction of the main 
static magnetic field, B0, the effective magnetic field for each spin is dependent on its 
position. Therefore, the precession frequency is also position dependent which leads to the 
development of position dependent phase angles. The 180◦ pulse changes the direction of 
the precession. Hence, the second gradient of equal magnitude will cancel the effects of the 
first and refocus all spins, provided that no change of position, with respect to the direction 
of the gradient, has occurred. If there is a change of position, the refocusing will not be 
complete. This results in a remaining dephasing which is proportional to the displacement 
during the period ∆ between the two gradients. Since diffusion is a random motion, there is 
a distribution of gradient-induced phase angles. These random phase shifts are averaged 
over the ensemble of spins contributing to the observed NMR signal. Hence, this signal is 
not phase shifted but attenuated, with the degree of attenuation depending on the 
displacement [Price, 1997]. 
 
2.3 Pulsed field-gradient experiments 
The pulsed field-gradient experiment is commonly based on either a two-pulse 
spin-echo or a three-pulse stimulated echo RF pulse sequence. These two methods are 
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often used for measurements of diffusion coefficient. Each of them has some advantages 
and disadvantages. 
Fig. 2.1 shows the schematic depiction of pulsed field-gradient spin-echo (PGSE) [Carr 
& Purcell, 1954]. This pulse sequence has important advantages. In particular, the 
maximum possible signal is recovered, in the absence of relaxation effects, and chemical 
shifts are refocused at the echo. The disadvantages result from the long period that the 
magnetization is transverse, i.e. in the xy-plane. Transverse magnetization is subject to 
both transverse relaxation and J-modulation effects. T2 can be short for slowly tumbling 
macromolecules, and this can lead to a severe loss of signal. J-modulation refers to signal 
modulation resulting from hard RF pulses that exchange the spin states of nuclei that are 
coupled to the nuclei of interest thus preventing complete refocusing. These effects present 
special problems for strongly coupled spin systems [Vold & Vold, 1978]. Therefore, PGSE 
is best suited to samples whose transverse relaxation time T2 is not much shorter than the 
longitudinal relaxation T1. 
 
 
 
In most cases, T2 is much shorter than T1. In order to overcome this problem, the pulsed 
field-gradient stimulated echo (PGSTE) [Tanner, 1970; Burstein, 1996] was developed, 
and the schematic diagram is shown in Fig. 2.2. 
 
 
Fig. 2.1 Schematics depiction of the pulsed field-gradient spin-echo PGSE 
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The PGSTE pulse sequence has one extremely important difference from the PGSE in 
that the major part of the duration ∆ can be contained in the τ1 period, where the 
magnetization is aligned along the z axis, where it is subject only to T1 relaxation. It was 
found that PGSTE can enhance the signal with a factor greater than 200. This is particular 
important since for many species, especially macromolecules, T1>>T2. Based on this 
consideration, we chose the PGSTE pulse sequence for the present study.  
 
2.4 Description of the magnetization evolution for pulsed filed-gradient 
NMR 
RF pulses can be used to manipulate the macroscopic magnetization by rotating it. 
Nuclear species have different magnetic moments, and different frequency RF pulses will 
rotate different components of the macroscopic magnetization (belonging to different 
nuclei). The RF pulses used to manipulate the magnetization last on the order of a few 
microseconds. One of the most common manipulations is to flip the magnetization onto 
horizontal plane so that it is 90o to the magnetic field. Once the magnetization is perturbed 
from the vertical it will begin to relax back to equilibrium. Two processes take place during 
its evolution: it will precess about the main magnetic field with a frequency known as the 
Larmor frequency (~400 MHz for a proton in a 9.4 T magnetic field); it will also realign 
t
δ
∆
δ
90o x 90o -x 90o x
g
τ2 τ1 τ2
g
Fig. 2.2 Schematics depiction of pulsed field-gradient stimulated echo (PGSTE) sequence 
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with the main magnetic field returning to equilibrium (a process quantified by two 
parameters describing the spin-lattice and spin-spin relaxation). The Larmor precession 
frequency depends on the magnetic field experienced by the nucleus, therefore, it has a 
spatial dependence under the field gradient. Here the z-direction is defined by the direction 
of the externally applied magnetic field B0, and the gradients are concerned in the z 
component of B. The Larmor frequency spins precess with is described quantitatively as  
                     
( ) ( ) ( ) rgrgrr 00 ⋅+=⋅+== γωΒγΒγω                   (1) 
where γ is the gyromagnetic ratio, a constant for each nucleus (for protons γ = 267.522×
106 rad s-1 T-1), g is the gradient and r is the position. The purpose of the gradient is to 
label nuclear spins with phase angles that depend on their positions in space, or in this case 
their displacement in the z-direction. And the acquired phase angle depends linearly on 
both B(r) and the duration of the gradient. Therefore, a z-gradient of duration δ produces 
the position dependent phase angle  
                           ϕ(r) = γB(r) δ                                 (2) 
The distance in the direction of g where ϕ(r) = 2π is 
                           q-1 = 2π/ γgδ                                 (3) 
q-1 is the scale of length with gradient in units of m-1. Thus, the effect of a constant gradient 
is to produce a magnetization pattern with a cosinusoidal projection on the yz-plane. For 
example, q-1 becomes 235 µm for g = 10 G/cm with δ = 1ms. When the sample size, or the 
size of detected area, is several times larger than q-1, the total signal intensity vanishes 
because of dephasing. For diffusion measurements, a second gradient is applied in order to 
rephase magnetization. Fig.2.3 shows a typical pulse sequence with two pulsed field 
gradients (PFG) with rectangular shape along the z-direction and the dephasing and 
rephasing behaviors of the magnetization when the individual nucleus do not change their 
positions in the interval ∆ between the two PFG. In Fig.2.3(a), immediately after the 90ox 
RF pulse the magnetization is flipped to xy-plane and is along the y-direction to create a 
magnetization ribbon in the rotating coordinate frame. (b) Under the first PFG, the 
magnetizations precess at the angular velocity of γgr corresponding to the z coordinate. (c) 
At the end of the first PFG, the magnetization is spirally twisted at a pitch q-1. (d) The 
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application of an RF 180oy pulse rotates the individual magnetization along the y-direction 
through 180o, which makes the mirror-symmetrical arrangement of the magnetization with 
respect to the yz-plane. (e) After the RF pulse and a total time elapse counting from the 
beginning of the first PFG of duration ∆, a new PFG identical in magnitude and duration to 
the first one, is applied to the system. Under the second PFG, the individual magnetization 
precesses at the same angular velocity with that under the first PFG. (f) at the end of the 
second PFG, the magnetization is aligned along the y-direction. The key feature is that the 
PFG is turned off before the echo is formed, and the acquisition of the second half of the 
echo is performed without any PFG present. If the nucleus do not move in space during the 
time interval ∆, the spins will refocus at the time 2τ and loose intensity only according to 
to unavoidable spin-spin (T2) relaxation effects. However, if the nucleus move to another 
point in space because of self-diffusion during ∆, this will produce a loss of echo intensity 
because the spins will not refocus completely at 2τ. This loss may be calculated 
theoretically by taking into account that nucleus will be displaced a root-mean-square 
displacement of ∆z in the z direction during a time interval ∆ due to self-diffusion 
according to <∆z>2 = 2D∆, where D is the self-diffusion coefficient of nucleus, which has 
a phase angular shift 
                        ( ) zgd
q
z
z ∆=∆=∆
−
γpiφ 12                             (4) 
The echo signal intensity I(2τ, gδ) at 2τ is proportional to the vector sum of magnetization 
in the samples, therefore is expressed as follows 
                 I(2τ, gδ) = I(2τ, 0) ( )( )×∆∫∫ zcos φ ( )rρ p(r, ∆z) drd∆z          (5) 
where ρ(r) is the density of the nucleus and is constant for homogeneous sample, p(r, ∆z) 
is the probability of the displacement during ∆ for the nucleus at r and I(2τ, 0) is the total 
signal intensity without PFG and expressed as follows 
                        I(2τ, 0) = I(0, 0) exp(-2τ/T2)                        (6) 
where I(0, 0) is the initial signal intensity just after the 90ox RF pulse. For the free diffusion 
in an isotropic medium, p(r, ∆z) becomes the Gaussian distribution 
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                       p(r, ∆z) = (4πD∆)-1/2exp(-
∆
∆
D
z
4
2
)                     (7) 
where D is the diffusion coefficient. Taking the diffusion during δ into account, eq. (5) is 
rewritten as follows 
                  I(2τ, gδ) = I(0, 0) exp(-
2
2
T
τ
- (γgδ)2D(∆- 
3
δ ))                (8) 
In common measurements of the free diffusion, gδ is varied under constant ∆. 
For the diffusion in restricted space, the D value obtained by applying eq. (8) is an 
apparent diffusion constant 
                           Dapp(∆) = 
( )
∆
∆∆
2
2z
                           (9) 
where <∆z2>(∆) is the mean square of ∆z2 during ∆. <∆z2>(∆) is proportional to ∆ for the 
free diffusion, however, becomes smaller than the proportional value due to the spatial 
restriction, which gives the information of the space size of the restriction. 
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Fig. 2.3 A typical pulse sequence with two PFG of rectangular shape and the dephasing and 
rephasing behavior of the magnetization. (a) The magnetization is aligned along the 
y-direction by a 90ox RF pulse. (b) Under the first PFG, the magnetizations precess at the 
angular velocity of γgr corresponding to the z coordinate. (c) At the end of the first PFG, 
the magnetization is spirally twisted at a pitch of q-1. (d) An RF π
 
pulse along the 
y-direction rotates the individual magnetizations along the y-direction through 180 degree. 
(e) Under the second PFG, the individual magnetizations precess at the same angular 
velocity with that under the first PFG. (f) At the end of the second PFG, the magnetization 
is aligned along the y-direction. 
 
The signal decay by the displacement under the field gradient can be used to remove 
peaks for small molecules from the mixture spectrum of small and large molecules. 
Conversely, the spectrum of peaks for small molecules can be obtained by the subtraction 
of the decayed spectrum for large molecules from the mixture spectrum. The mixture 
spectrum is composed of the peaks contained in different molecules that exponentially 
decay with the square of γgδ according to individual diffusivity. By changing eq. (8) into a 
sum of each component, the intensity at each frequency in the mixture spectrum is 
expressed as follows 
             I(2τ, gδ) = I(0, 0) ∑×
i
if ( ) 












−∆−−
3
2
exp 2
,2
δδγτ i
i
Dg
T
           (10) 
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where fi and T2,i are the fraction and T2 for the component with the diffusion coefficient Di. 
By using the T2 weighted fraction of i-th component 
Fi(2τ) = fi exp(-2τ/T2,i)   (11) 
eq. (10) is rewritten as follows 
               I(2τ, gδ) = I(0, 0) ( ) 





−∆−×∑ )3(exp
2 δδγ i
i
i DgF               (12) 
When F is expressed as a continous function of D, eq. (12) is rewritten as follows 
                 I(2τ, gδ) = I(0, 0) ( )∫ − )exp( KDDF i dD                    (13) 
where K = (γgδ)2(∆- δ/3). F(D) is a T2 enhanced distribution of D. Eq. (13) shows that I(2τ, 
gδ) is the Laplace transformation of F(D), therefore, an inverse Laplace transformation of 
I(2τ, gδ) will give F(D). The 2D spectrum with dimensions of frequency and D, 
diffusion-ordered NMR spectroscopy (DOSY), gives separated spectrum for each species 
in the mixture on the diffusivity and the distribution of the diffusivity for each species. 
 
2.5 Measuring the spin-spin relaxation time 
In the absence of inhomogeneous broadening, a good estimate of the rate constant for 
transverse relaxation can be obtained by measuring the width of the corresponding line at 
half height. However, if there is a significant inhomogeneous contribution to the line width, 
this method cannot be used. To get round this problem of inhomogeneous contribution, the 
Carr-Purcell-Meiboom-Gill (CPMG) method is widely used.   
 
In the CPMG method, a 90ox pulse and a series of 180oy pulses are used to form an 
echo train (Fig. 2.4); the vector of individual spin isochromat induced by the 90ox pulse 
precess to become α = -γ(G ⋅ r)τ during the τ period, flip to become α= -[γ(G ⋅ r)τ] after the 
180oy pulse, precess to become -γ(G ⋅ r)τ during the next τ period and align on the 
y-direction at t=(2n+1)τ in a similar manner. The angle error of the 180oy pulse is 
compensated every two 180oy pulses by using the 180 pulse along y-direction. The solution 
for Ψ(r,t) between t = (2n-1)τ and t = (2n+1)τ is given by 
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                       Ψ(r,t) = A(t)exp[-iγ(G ⋅ r)(t-2nτ)]                    (14) 
Considering the diffusion term D 2∇ Ψ(r,t) = -Dγ2G2(t-2nτ)2Ψ(r,t), we have 
                       dA(t)/dt = -Dγ2G2(t-2nτ)2A(t)                       (15) 
The integration from t = 0 to t = τ from t = (2m-1)τ to t = (2m+1)τ, where m=1,2,...,n-1, 
and from t = (2n-1)τ to 2nτ gives 
                       A(2nτ ) = A(0)exp(-2/3Dγ2G2τ3n)                    (16) 
And the transverse magnetization at t=2nτ is given by 
      M+(t)= M+(0)exp(-2nτ/T2-2/3Dγ2G2τ3n) = M+(0)exp(-t/T2- tDγ2G2τ2/3)       (17) 
As indicated in Eq. (17), it is possible to make the effect of diffusion negligible by 
employing a small τ value with large n in the CPMG experiment, and thus we have 
                     M+(t) = M+(0)exp(-t/T2)                             (18) 
Under the condition that the effect of diffusion is not negligible, the FID in the CPMG 
experiment decays single exponentially with the time constant of T2' ={1/T2 -Dγ2G2τ2/3}-1, 
whereas the FID in spin echo decays with the stronger time dependence, which is indicated 
below, rather than with exponential decay. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2.4 Pulse sequence and magnetization trajection the individual spin isochromat or the 
Carr-Purcell-Meiboom-Gill method. 
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Chapter 3 Molecular Mobilities and Microscopic Structure Changes 
in κ-Carageenan Solutions Studied by NMR Diffusion 
Measurements 
 
3.1. Introduction 
The κ-Carrageenan comes from a family of linear water-soluble polysaccharides 
extracted from different species of marine red algae. The chemical structure of 
κ-carrageenan is characterized by an alternating disaccharide composed of α-1, 3-linked 
galactose-4-sulphate and β-1, 4-linked 3, 6-anhydrogalactose. It is largely used in food 
[Imeson, 2000], pharmaceutical [Makino, Idenuma, Murakami & Ohshima, 2001; Garcia 
& Ghaly, 1996] and cosmetic [Campanella, Roversi, Sammatrtino & Tomassetti, 1998] 
industries as gelling and thickening agents, texture enhancer, stabilizer and so on. The 
gelling properties of κ-carrageenan have been extensively studied by many researchers 
[Hjerde, Smidsrød, & Christensen, 1999; MacArtain, Jacquier, & Dawson, 2003; 
Mangione et al., 2003; Mangione et al., 2005; Sankalia, Mashru, Sankalia, & Sutaria, 
2006]. The gelling process is generally accepted as a two-step model involving a coil to 
helix conformational transition followed by aggregation of the ordered molecules to form 
an infinite network [Rochas & Rinaudo, 1984; Takemasa & Chiba, 2001]. This aggregation 
should result in the dilution of the solute concentration of κ-carrageenan, and therefore, 
molecular diffusion of polysaccharide will be enhanced. This diffusion behavior can 
provide microscopic insights for the gelation mechanism of κ-carrageenan. However, there 
is a lack of systematic research on molecular mobility of κ-carrageenan in terms of 
variation of diffusion coefficients during the entire gelation process.   
Recently, the diffusion of probe molecules in κ-carrageenan gels has attracted much 
attention since it is closely related to a variety of applications, such as release of drugs 
from gels and release of flavor compounds in foods. Influence of κ-carrageenan gel 
structures on the diffusion of dendrimer probe [Walther et al., 2006] and poly (ethylene 
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glycol) probe [Lorén et al., 2009] have been reported separately, where the gel structures 
were controlled by varying the salt condition and cooling rate. The diffusion of probe 
molecules in polymer matrices can be affected by the hydrodynamic interaction [Phillips, 
2000]. The probe molecules in the polymer solution matrices, experienced additional 
friction by the polymer network, the polymer network enhance the friction drags on the 
probe molecules by slowing down the fluid near the polymer network [Amsden, 1998]. 
There has been recently interest, both theoretical and experimental, on the influence of the 
polymer concentration on mesh size and on the probe diffusion in polymer networks. 
Nevertheless, the diffusion behavior of probe molecule dominated by hydrodynamic 
interaction and structural changes in κ-carrageenan solution during gelation process 
remains indistinct.  
From such a background, in this work we aim to obtain deeper microscopic insight into 
the structural information of κ-carrageenan and molecular mobility during gelation by 
means of PGSTE method, and to quantify the hydrodynamic screening length through the 
diffusion coefficient of probe molecule in the κ-carrageenan matrix. Furthermore, special 
attention is given to the influence of κ-carrageenan concentration on diffusion motion of 
pullulan. Then the results are discussed on the basis of the hydrodynamic interaction. 
 
3.2. Materials and methods 
3.2.1 Materials and Sample preparation 
The κ-carrageenan was purchased from Sigma Chemical Co. and was used without any 
purification. The concentrations of K+, Na+, and Ca2+ contained in the original samples 
were 6.8%, 0.6%, and 2.4% respectively.  No excess salt was added during sample 
preparation. Pullulan sample with a peak molecular weight, Mp, of 10.7×104 g/mol was 
purchased from Showa Denko Co. (Tokyo, Japan). Three solutions, containing 0.1% 
pullulan and variable concentrations of κ-carrageenan (1%, 2% and 4%) were prepared as 
follows: appropriate amounts of powdered κ-carrageenan were dispersed in D2O 
(deuterium isotopic content: 99.0%) by stirring for 1 hour at room temperature, and 0.5 
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hour at 80 °C. Thereafter, the same amount of 0.2% pullulan/D2O solution was added and 
the mixture was stirred at 80 °C for 0.5 hour to obtain a final homogenous 1%, 2% and 4% 
κ-carrageenan solution containing 0.1% pullulan. The concentrations of κ-carrageenan and 
pullulan are expressed in w/w% of κ-carrageenan and pullulan relative to the total weight 
of the solution. The resulting solution was immediately transferred into preheated 10mm 
NMR tube.  
 
3.2.2 Methods 
3.2.2.1 Diffusion Measurements  
Self-diffusion coefficient measurements using pulsed field gradient stimulated echo 
(PGSTE) pulse sequence (see Fig.3.1a) were performed on a Bruker Avance II 400WB 
spectrometer equipped with a gradient probe.  The temperature was varied using Bruker 
BVT-3200 and was monitored with an optical fiber thermometer (Takaoka Electric 
Manufacturing Co., Tokyo, Japan) placed in the sample tube. Each measurement was 
carried out after waiting for 30min in order to confirm that the sample reached to the 
equilibrium state. The diffusion coefficient values were determined from the attenuation of 
echo signal intensities expressed as follows:  
I(2τ2+τ1,gδ) = I(2τ2+τ1,0) exp[-γ2δ2g2 (∆-δ/3)D]   (1) 
where I(2τ2+τ1,gδ) and I(2τ2+τ1,0) are echo signal intensities at t=2τ2+τ1 with and without 
the field gradient pulse, respectively; γ is the gyromagnetic ratio of 1H; δ is the duration of 
the gradient pulses; and ∆ is the diffusion time that corresponds to the time interval 
between two field-gradient pulses. Note that I(2τ2+τ1, 0) has decayed from the initial 
intensity, I(0, 0), (i.e., the signal intensity immediately after the first r. f. π/2 pulse) by the 
relaxations of T1 and T2: 
I(2τ2+τ1,0)= I(0, 0)/2 exp[-2τ2/T2-τ1/T1].      (2) 
where a decrease in the relaxation times causes a decrease in I(2τ2+τ1,0). 
In all experiments, δ and ∆ were fixed to 1 ms and 10 ms, respectively. The field gradient 
strength, g, was varied in 8 steps within the range of 2.0 to 16.0 T/m, the maximum value 
varied depending on the diffusing system. The π/2 pulse length for 1H was 16 µs and the 
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relaxation delay was set to 3.5 s. All chemical shifts were referenced to the peak at  
5.36 ppm, which is attributed to the anomeric proton of pullulan.    
 
    
Fig.3.1 (a) The pulsed field gradient stimulated echo PGSTE sequence, (b) The 
Carr-Purcell- Meiboom- Gill (CPMG) pulse sequence joined with two gradient pulses. 
Using this modified sequence, the peaks arised from the small molecules such as water can 
be eliminated due to their fast diffusion behavior. 
                                                        
3.2.2.2 Spin-spin relaxation time (T2) measurements  
The spin relaxation times were measured using the pulse sequence shown in Fig.3.1b. 
Two gradient pulses were added to the standard Carr-Purcell-Meiboom-Gill (CPMG) pulse 
sequence in order to eliminate the water peak, which affects the analysis of polymers in 
some cases. The pulse space (2τ) between π pulses was 4ms. Values of T2 were obtained 
from the following relationship: 
t
(a)
(b)
δ
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t
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I2nτ= I0 exp (-2nτ/T2)    (3) 
where n is the echo number, I0 is the signal intensity immediately after the first r. f. π/2 
pulse. 
 
3.2.2.3 GPC measurement 
Gel permeation chromatography (GPC) of κ-carrageenan was performed on a 
chromatograph equipped with a PerkinElmer Series 200 pump, a Knauer Smartline 2300 
refractive index detector, a Knauer Smartline column thermostat, and two Shodex OHpak 
SB-806MHQ columns in series protected by a Shodex OHpak SB-G guard column. 
Elution was carried out using a 0.1 M NaNO3 solution as the mobile phase at a flow rate of 
0.8 mL/min. The temperature of the columns was maintained at 60.0 °C. A calibration 
curve was constructed using pullulan standards (with peak molecular weights, Mp, of 2400, 
1560, 710, 380, 200, 106, 45.9, 22.0, 11.2, 5.6, 1.08, 0.342 kDa), the elution volume was 
corrected to the internal marker of ethylene glycol (0.01% in sample) at 23.04 mL. The 
κ-carrageenan concentration used was 0.07% and the sampling volume 100 µl. To obtain 
more reliable results, the κ-carrageenan was dissolved in the same solvent used as an 
eluent in the GPC system. The hot κ-carrageenan solution (60 °C) was filtered through a 
0.45-µm membrane (Spartan 30/0.45 RC) and injected into the HPLC system. 
 
3.2.2.4 The calculation of diffusion coefficient of pullulan in dilute solution (Dpull,0) at 
various temperatures 
Measurements of pullulan diffusion coefficient in dilute D2O solution at 
25 °C,   ,,	 , was carried out following a method described previously [Zhao & 
Matsukawa, 2012], where TO represents the temperature in Kelvin, 298K. The 
hydrodynamic radius RH of pulluan was taken to be a constant value of  
 in the 
temperature range of the measurements and was calculated from the experimentally 
obtained value of  ,,	 by the following equation: 
 
= 
, = 

π,,
         (4) 
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Thereafter, the diffusion coefficients of pullulan at various temperatures, Dpull,0, were 
determined using the Stoke-Einstein equation:                                                
Dpull, 0 = 

π
        (5) 
where   is the Boltzmann’s constant, T is the absolute temperature, and   is the 
viscosity of heavy water. 
 
3.3 results and discussion  
3.3.1 Pulsed-field-gradient 1H spectra of 2% κ-carrageenan solution containing 0.1% 
pullulan 
 
Fig. 3.2 Progressive changes in PGSTE 1H NMR spectra of a 2% κ-carrageenan solution 
containg 0.1% pullulan at a gradient strength of 2.0 T/m as a function of temperature. The 
peaks selected for the diffusion analysis of the pullulan and κ-carrageenan  are indicated 
by “p” and “κ” , respectively.  
   
Fig.3.2 shows changes in the PGSTE 1H spectra of the 2% κ-carrageenan solution 
52.9 ℃
37.7 ℃
42.8 ℃
47.9 ℃
32.8 ℃
27.6 ℃
p κ
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containing 0.1% pullulan at a gradient strength of 2.0T/m as the temperature was decreased 
from 53 °C to 28 °C. Peaks at 5.36 and 5.17ppm assigned to the anomeric proton of 
pullulan and the proton at position 1 on the β-1, 4-linked 3, 6-anhydrogalactose unit of 
κ-carrageenan were chosen for the following analysis, and were indicated by “p” and “κ”, 
respectively. Detailed information on the signal assignments of pullulan and κ-carrageenan 
can be found in the literature [Mclntyre & Calgary, 1993; Tojo & Prado, 2003]. The water 
peak at 4.7 ppm was completely eliminated due to its fast diffusion behavior. It can be seen 
that the signal intensity of κ-carrageenan (5-5.25ppm) started to decrease at 33 °C, 
suggesting the structure change of κ-carrageenan chains. The structural change of 
κ-carrageenan chains will be discussed in detail later. On the other hand, the signal 
intensity of pullulan remains constant during the cooling process, indicating that the 
pullulan kept high segmental mobility was not involved in the structural change of 
κ-carrageenan. Therefore, the molecular mobility of pullulan is reduced by the 
hydrodynamic interactions with the network chains.   
In order to calculate the diffusion coefficient, the echo signal intensities were measured 
as a function of g with ∆ and δ fixed at certain values. The semi-logarithmic plots of echo 
signal intensities for κ-carrageenan Ikappa (g) and pullulan Ipull (g) against γ2 δ2 g2 (∆-δ/3) 
measured at 38 °C are indicated in Fig.3.3. Ikappa (g) and Ipull (g) decreased to certain extent 
with increasing g reflecting their diffusion among the network structure formed by 
κ-carrageenan chains. Moreover, the experimental data of both pullulan and κ-carrageenan 
are essentially linear in these logarithmic plots. It is known that pullulan, which is the GPC 
standard, has a quite narrow molecular distribution. On the other hand, the κ-carrageenan 
chains participating in the diffusion process were known to be polydisperse. Nevertheless, 
deviations of the experiment data from the straight line fits were small not only at 38 °C 
but also the other temperatures. As a consequence, diffusion coefficient of κ-carrageenan 
Dkappa was determined by fitting the data points using Eq. (1) as an averaged value of the 
distribution, which also produced value of signal intensity for κ-carrageenan without the 
gradient Ikappa (0). 
In the next section, the obtained values of Ikappa (0) during the entire cooling process 
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will be used to clarify the  fraction of κ-carrageenan chains involved in aggregation, 
combination of values of Dkappa with GPC result will be used to elucidate the change in 
molecular weight distribution of κ-carrageenan. Moreover, the hydrodynamic screening 
length in κ-carrageenan solution will be quantified by comparing the diffusion coefficient 
of pullulan in κ-carrageenan solution Dpull to that in pure solvent Dpull,0. 
 
 
 
 
 
 
 
    
 
 
 
 
 
Fig.3.3 The signal decay of pullulan (●) and κ-carrageenan (○) in a 2% κ-carrageenan 
solution containing 0.1% pullulan at 38 ℃. The lines are fits of Eq. (1) to the data.       
 
3.3.2 Molecular mobility of κ-carrageenan chains 
The CPMG measurement was performed in order to clarify the change in rotational 
motion of κ-carrageenan from the spin-spin relaxation time T2. The semi-logarithmic plots 
of the peak intensities against echo times in the CPMG measurements at various 
temperatures are displayed in Fig.3.4.  
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Fig.3.4 Semi-logarithmic plots of the peak intensity in the CPMG echoes against the echo 
time for a 2% κ-carrageenan  solution measured at 55 ℃(○) , 50 ℃(●), 45 ℃(△), 40℃
(▲), 35℃(□), 30℃(✳) , 25℃(■ ) and 20℃(▽). The lines are fits to Eq. (3).   
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.5 The temperature dependence of (a) Signal intensity of κ-carrageenan at echo time 
τ=0 in the CPMG measurements, I kappa, CPMG (0), calculated using Eq. (3):  
I2nτ= I0 exp (-2nτ/T2); and (b) 1H spin-spin relaxation times T2 of κ-carrageenan measured 
in a 2% κ-carrageenan solution during cooling (○) and heating (●) process 
 
(b) 
(a) 
 30
Experimental data at each temperature lied on straight lines and have been analysed 
using a one component mode. By fitting the experimental points to Eq. (3), the 1H T2 
values can be determined from the slope of the straight line, which also produced values of 
signal intensity at echo time τ=0 in CPMG measurements, Ikappa, CPMG(0). The 
corresponding results are shown in Fig.3.5. Values of Ikappa, CPMG(0) decreased slightly in 
the temperature range from 55 °C to 35 °C (stage 1). In this stage, the T2 values located in 
a range from 50ms to 35ms (Fig.3.5b), suggesting that the κ-carrageenan chains have high 
segmental mobility. The values of Ikappa, CPMG (0) decreased steeply but the 
semi-logarithmic plot shown in Fig.3.4 still remained linearity from 35 °C to 25 °C (stage 
2). The gelation temperature Tsg determined by falling ball method for a 2% κ-carrageenan 
solution is 35 °C. It is believed that the decrease of signal intensity in stage 2 is due to the 
formation of aggregated bundles with highly restricted segmental mobility and extremely 
short T2 values because of their rigid structure. Consequently, the corresponding signal of 
aggregates was not detected before the first echo time of 4ms. Namely, only the 
non-aggregated κ-carrageenan chain remained as solute contributes to the CPMG echo 
signal intensities, and therefore, we considered Ikappa, CPMG (0) is proportional to the solute 
fraction of κ-carrageenan chains. The aggregation of κ-carrageenan chains were gradually 
promoted by further cooling, finally, at the lowest temperature, about 10% of soluble 
κ-carrageenan chains which are not involved in aggregation were left in the solution. In 
stage 2, the T2 values of the solute increased with decreasing temperature, indicating an 
increase in molecular mobility. The reason for this is that the κ-carrageenan chains are 
involved in aggregation below Tsg, the inclusion into aggregation is considered to dilute the 
solute κ-carrageenan and result in an increase in T2. On heating process, the signal intensity 
of κ-carrageenan showed an increase with increasing temperature above the melting 
temperature Tgs (ca. 43°C, determined by falling ball method), which should be an 
evidence that the aggregated bundles gradually melted. The solute κ-carrageenan 
concentration was thus increased and led to a decrease in T2. 
The temperature dependence of the echo signal intensities without a gradient Ikappa (0) 
and diffusion coefficients of κ-carrageenan Dkappa determined from PGSTE measurement 
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are shown in Fig.3.6a and Fig.3.6c, respectively. During cooling, Ikappa (0) decreased 
slightly in stage 1, which is most likely a result of an increase in the viscosity upon cooling, 
the relaxation times, T1 and T2 values were thus decreased and led to a decrease in Ikappa(0) 
according to Eq. (2). It is clear from Fig.3.5 that values of T2 decreased with decreasing 
temperature, which corresponds well with the behavior of Ikappa (0) in stage 1. Ikappa (0) 
decreased sharply in stage 2, which is also caused by the formation of aggregated bundles. 
It is considered the T2 values of aggregates are far shorter than the echo time 2τ2 (ca. 4ms). 
Consequently, the echo signals of aggregates disappear by their fast decay during the echo 
times. In our previous work, a similar behavior in echo signal intensity was observed in 
agar solutions and gellan solutions [Dai & Matsukawa, 2012; Shimizu, Brenner, Liao & 
Matsukawa, 2012]. After cooling, the sample was kept for 12h in order to check the change 
of signal intensities during time course, no obvious change was found with increasing time.  
The diffusion coefficient is a direct measure of the translational motion. Fig.3.6c 
clearly shows that diffusion coefficient of κ-carrageenan (Dkappa) increased obviously with 
decreasing temperature below Tsg during cooling process. As above mentioned, the solute 
κ-carrageenan was diluted followed by aggregation. The local viscosity was thus decreased 
and led to an increase in Dkappa. However, the increase of Dkappa is more pronounced than 
that expected from the decrease of local viscosity. Therefore, it is considered the relatively 
short κ-carrageenan chains were left as solute among the aggregate bundles, because the 
aggregation gathered longer chains in priority. During heating process, Dkappa decreased 
with increasing temperature above Tgs, which are caused by the increase of the solute 
κ-carrageenan concentration.   
The molecular weight distribution of the original κ-carrageenan (before gelation) is 
shown in Fig.3.7. The x-axis is given in form of elution volume instead of molecular 
weight, as in the elution volume range that is less than 14.5 mL, the corresponding 
molecular weights exceeded the highest standard value used to construct the calibration 
curve. The κ-carrageenan under study showed a quite wide molecular weight distribution. 
Mp of κ-carrageenan determined by GPC was found to be 14.8×105 g/mol, which is 
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significantly larger than that of pullulan (10.7 × 104 g/mol). Here, we divide the 
κ-carrageenan chains into two portions, one portion is κ-carrageenan chains whose 
molecular weight is larger than that of pullulan. The other portion is κ-carrageenan chains 
that possess smaller molecular weight than that of pullulan. The portion of κ-carrageenan 
chains, whose molecular weight is smaller than that of pullulan, 10×104 g/mol, are 
indicated by arrows in Fig.3.7. The fraction of these κ-carrageenan chains, estimated from 
the peak area, was found to be about 7%. As mentioned above, it is thought that the 
aggregation gathers longer κ-carrageenan chains in priority. Namely, as κ-carrageenan 
chains progressively involved in aggregation, the molecular weight of κ-carrageenan will 
become smaller. We therefore considered that the average molecular weight of 
κ-carrageenan may become smaller than that of pullulan after gelation. Evidence for this 
will be elucidated in the next section. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.6 Temperature dependence of (a) echo signal intensity for κ-carrageenan Ikappa (0), (b) 
echo signal intensity for pullulan Ipull(0), (c) diffusion coefficient of κ-carrageenan Dkappa 
and (d) diffusion coefficient of pullulan Dpull in a 2% κ-carrageenan solution containing 0.1% 
pullulan  during cooling (○), time course (▲) and heating (●) processes. 
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Fig.3.7 Gel permeation chromatography (GPC) retention profiles for κ-carrageenan. The 
elution volume was corrected to the internal marker of ethylene glycol at 23.04 ml. Peaks 
at 20.31 and 21.28 correspond to the free SO4 2- and CL-1, respectively. Peak at 22.32mL is 
due to the small difference in NaNO3 concentration between the HPLC eluent and the 
sample solution. The molecular weight
 
values are given relative to pullulan standards. 
 
3.3.3 Molecular mobility of pululan probe 
Temperature dependences of Ikappa(0), Dkappa and T2 of κ-carrageenan chains, have 
provided an insight into the gelation mechanism of the κ-carrageenan solution, and our 
results have suggested dilution of κ-carrageenan chains during the gelation process. This 
dilution would have considerable effect on the diffusion of molecules existing in the 
interspace of the network. In order to further elucidate the changes in the network structure 
during gelation, diffusion coefficients of the pululan, added as a probe polymer, were 
measured by means of PGSTE.  
Fig.3.6b displays the change of echo signal intensities without gradient of pullulan 
Ipull (0). Ipull (0) showed gradual and continuous increase with decreasing temperature. The 
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increase of Ipull (0) is most likely caused by a little increase of magnetization recovery 
during the repetition time of 0.7 s. The repetition time
 
is a little shorter compared with the 
spin-lattice relaxation time T1 of pullulan in κ-carrageenan solution (ca. 0.73 s) at high 
temperature, but allows for higher recovery at lower temperature since T1 decreased with 
decreasing temperature. Pullulan showed no indication of steep decrease connected with 
the gelation. This suggests that pullulan was not involved in the aggregation of 
κ-carrageenan chains. We therefore interpret that pullulan has no intermolecular interaction 
with κ-carrageenan chains other than hydrodynamic interaction. 
Dpull at various temperatures are shown in Fig.3.6d. Below Tsg, Dpull increased with 
decreasing temperature, indicating an increase in molecular mobility. As above mentioned, 
the restriction on molecular mobility of pullulan in κ-carrageenan solution is mainly 
mediated by the hydrodynamic interactions. The hydrodynamic interaction is thought to be 
caused by both the solute κ-carrageenan chains and network of aggregates. Therefore, the 
screening became smaller as the solute κ-carrageenan concentration decreased, which 
result from the progress of the aggregation.    
 
 
 
 
 
 
 
                               
 
 
 
Fig.3.8 Temperature dependence of Dpull / Dpull,0 for pullulan in the 2% κ-carrageenan 
solution during cooling (○) , time course (▲) and heating (●). The corresponding ξ values, 
calculated using relation: Dpull / Dpull,0 = exp(-RH/ ξ), are displayed on the right-hand axis.  
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For a better understanding of how the κ-carrageenan chains restricted the diffusion of 
pullulan, the diffusion coefficients of pullulan, DPull, are divided by their values in a pure 
solvent, DPull,0. The ratios, DPull/DPull,0, which reflect the restriction degree, are plotted as a 
function of temperature in Fig.3.8. When the restriction is predominantly cased by the 
hydrodynamic interaction between the probe polymer and the host polymer, the ratio, 
DPull/DPull,0, is given by [Cukier, 1984; De Gennes, 1976]:                                                
DPull/DPull,0 = exp(-RH/ ξ)      (6) 
where RH is the hydrodynamic radius of the probe polymer, and ξ is the hydrodynamic 
screening length of the  host polymer, which is considered to represent the hydrodynamic 
mesh size of the network. It is clear from Eq. (6) that an increase in DPull/DPull,0 indicates 
an increase in the hydrodynamic screening length. The value of Dpull/ Dpull,0 is less than 0.6 
in the whole investigated temperature range, this result clearly shows that the diffusion of 
pullulan in κ-carrageenan solution was strongly restricted by the hydrodynamic interaction. 
During cooling process, Dpull/ Dpull,0 kept almost constant at high temperature, and 
increased with decreasing temperature below Tsg indicting a decrease of restriction on 
diffusion of pullulan by κ-carrageenan chains. This is thought to be caused by the 
progression of κ-carrageenan chains into aggregation, which reduced the local 
κ-carrageenan concentration. During reheating process, Dpull/ Dpull,0 decreased with 
increasing temperature at high temperature, suggesting that the gel networks was 
disaggregated gradually as the temperature increased. 
     
3.3.4 A physical model of the structural change in κ-carrageenan solution during gelation 
process                                                                                                 
By comparing Dpull values with Dkappa before and after gelation, the change in 
molecular weight for solute κ-carrageenan after gelation can be clarified. It is seen that 
Dkappa is smaller than Dpull above Tsg. However, Dkappa reached a higher value compared 
with Dpull as temperature decreased below Tsg. As the diffusion system is same, molecular 
size of the two diffusants is most likely the factor that takes the responsibility for this 
distinction. It is therefore considered that the average molecular weight of κ-carrageenan is 
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larger than that of pullulan at high temperature, and became smaller than that of pullulan 
when temperature decreased to some extent. Here we will emphasize the physical model of 
this study based on the above discussions, which is summarized in Fig.3.9. As illustrated 
above, the κ-carrageenan chains can be divided into two portions, one portion is 
κ-carrageenan chains whose molecular weight is larger than that of pullulan, act as network 
for the diffusion of pullulan. The other portion is κ-carrageenan chains that possess smaller 
molecular weight than that of pullulan, which cannot act as a network but increase the local 
viscosity (Fig.3.10). We define the temperature at which Dkappa exceeded the value of Dpull 
as the so-called “reference temperature”, Tref. At high temperature, all the κ-carrageenan 
chains took random coils, both the ξ due to long κ-carrageenan chains and viscosity due to 
the short κ-carrageenan chains remained constant. As the temperature decreased, a portion 
of long κ-carrageenan chains firstly started to form aggregates accompanied by a decrease 
in the concentration of long solute κ-carrageenan chains and an increase in the network 
mesh size. At around Tref, all the long κ-carrageenan chains formed aggregated. As the 
temperature further decreased, a portion of short κ-carrageenan chains also involved in 
aggregation and led to a decrease in local viscosity. 
In the temperature above Tref, the solute concentration of long κ-carrageenan chains Cs′ 
can be estimated from Ikappa (0) and the initial κ-carrageenan concentration C0 based on the 
consideration that all the long chains are involved in aggregation at Tref 
 
! = 
 #$%%,()( #$%%,)*+,()
#$%%()
      (7) 
where -.//(0) is the signal intensity of κ-carrageenan at the highest temperature. 
The short κ-carrageenan chains increase the local viscosity for diffusion of pullulan. In this 
case, the Eq. (6) used for calculating the hydrodynamic screening length should be 
corrected as follows: 

,
′ = exp(−

5
)      (8) 
where  and ,′  represent the diffusion coefficient of pullulan in the solution of 
the short κ-carrageenan chains with and without network, respectively. 
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The value of ,′  can be calculated based on the fact that diffusion coefficient is inverse 
proportional to the viscosity 
,,
! = ,,
,
6,
      (9) 
where ,, is the diffusion coefficient of pullulan in pure D2O, 7, is the viscosity 
result from short κ-carrageenan chains in the κ-carrageenan solution and , is the viscosity 
of pure D2O. T in the subscript means the respective values at the temperature of T. 
Combining Eq. (8) and (9), the following equation can be obtained: 
,
,,
′ =
,
,,
6,
,
= exp(−

5
)      (10) 
In order to calculate the value of 7, ,⁄ , let us focus on the temperature range 
below Tref. In this stage, we assume that the short κ-carrageenan chains just embedded in 
the aggregated bundles and ξ retained to be constant. Namely, the ratio Dpull/ D′pull,0 at Tref 
is equal to that at the lowest temperature Tlow, and the change in viscosity is the main factor 
that leads to a decrease in restriction in this stage. At Tlow, it is considered that 7,*+,  is 
equal to ,*+,, as only little amount of solute κ-carrageenan chains left in the solution 
(Fig.3.6a). Namely, we have: ,,9′ =,,9. The above considerations can be 
summarized as follows: 
,*+, ,,*+,
′:
,9 ,,9
′:
=
,*+, (,,*+, ,*+, 6,*+,:: )
,9 ,,9 :
= 1      (11) 
Then, the value of 7,*+, ,*+,  ⁄ can be estimated using the following equation: 
6,*+,
,*+,
=
,9 ,,9 :  
,*+, ,,*+, :
      (12) 
In the temperature range that is above Tref, the solute concentration of short 
κ-carrageenan chains keeps constant as these chains did not form aggregates in this 
temperature range. Therefore, the change in ηs is only due to the change of temperature. 
We assume the value of η0/ηs keep constant as temperature changed. By multiplying all the 
experimental values of D/D0 above Tref with η0/ηs, the value of ξ in the present situation can 
be calculated using Eq. (10).  
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The experiment data
 
obtained in the 1%, 2% and 4% κ-carrageenan solution were 
corrected based on the above considerations, corresponding results were discussed in the 
following section. 
 
 
 
 
Fig.3.9 Schematic model for the cooling process of κ-carrageenan 
 
 
 
 
 
Fig.3.10 Representation of diffusion of pullulan (a) in the existence of short κ-carrageenan 
chains, and (b) in a pure solvent. 
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3.3.5 Effect of κ-carrageenan concentration on the molecular mobility of pullulan 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.11 Temperature dependence of (a) solute κ-carrageenan concentration of long 
κ-carrageenan chains estimated from Eq. (8), (b) diffusion coefficient of pullulan Dpull , (c)  
the ratio Dpull / Dpull,0 in the 1%  (□), 2% (▲) and 4% (○) κ-carrageenan solution. The 
corresponding ξ values, calculated using Eq .(8), are displayed on the right-hand axis. 
 
Here, we concentrate on the temperature range above the Tref. The solute κ-carrageenan 
concentrations Cs′ of long κ-carrageenan chains that have larger molecular weight than the 
pululan probe were calculated from Ikappa(0) and the total κ-carrageenan concentration by 
Eq. (7), the results were given in Fig.3.11a. Values of Cs ′  provide a quantitative 
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perspective on how much random-coil chains left in the solution during the continuous 
cooling
 
process. Fig.3.11b shows values of Dpull measured in the 1%, 2%, and 4% 
κ-carrageenan solutions. At high temperature, the value of Dpull in higher initial 
κ-carrageenan solution is
 
smaller, which is caused by larger hydrodynamic interactions 
with the long solute κ-carrageenan chains.
 
It can also be seen that difference in Dpull 
obtained from 1%, 2%, and 4% κ-carrageenan solutions decreased with decreasing 
temperature as κ-carrageenan chains are involved in aggregation. The values of Dpull/ Dpull,0 
are shown in Fig.3.11c, where a smaller value was found in case of higher initial 
κ-carrageenan concentration. By using Eq. (10) and RH of the pullulan probe, the values of 
ξ in 1%, 2% and 4% κ-carrageenan solutions above their respective Tref , were calculated 
from Dpull / Dpull,0, the corresponding results are shown on the right-hand axis. As above 
mentioned, ξ in this temperature range is considered to represent the hydrodynamic mesh 
size created by long κ-carrageenan chains. ξ was found to be smaller in case of higher 
initial κ-carrageenan concentration. It should be noted that Dpull / Dpull,0 for 4% 
κ-carrageenan solution became smaller than 1/e (～0.37), indicating ξ became smaller than 
RH of pullulan probe. In this case, restriction on probe diffusion by entanglements with 
network is not negligible, and when we use Eq. (10) the restriction by hydrodynamic 
interactions would be overestimated to a quite smaller ξ. Nevertheless, values of ξ gave 
insight into the microscopic gelation mechanism, where probe diffusion was dominantly 
restricted by hydrodynamic interactions with the long solute κ-carrageenan chains. 
 
3.4 Conclusions 
The molecular mobility of κ-carrageenan was elucidated from the aspects of rotational 
motion and translational motion. Below Tsg, the value of spin-spin relaxation time T2 for 
κ-carrageenan increased with decreasing temperature as the solute κ-carrageenan was 
diluted by aggregation. The behavior of Dkappa and the wide molecular weight distribution 
of κ-carrageenan provide evidences that the aggregation gathers longer chains in priority. 
The gelation efficiency can also be evaluated from the change of solute κ-carrageenan 
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concentration, which can be directly calculated from the value of Ikappa (0). Pullulan was 
found to be sensitive to the microscopic environment change during the gelation process. 
The hydrodynamic screening length ξ, was calculated from the value of Dpull / Dpull,0. In 
summary, our results provided microscopic information about the structural change and 
molecular mobility during gelation. This methodology can be generally developed to 
examine and establish the gel structure and the molecular motion of solutes in polymer 
matrices. Furthermore, the effect of concentration on the diffusion of probe molecule was 
investigated. The solute concentration of κ-carrageenan chains that have larger molecular 
weight than the pullulan probe was estimated based on the physical model proposed in the 
present study. Our results show that the diffusion coefficients of pullulan decreased with 
increasing solute κ-carrageenan concentration as a consequence of an increase in 
hydrodynamic interactions. The understanding of the gel structure and its effect on 
diffusion behavior can be applied in products where diffusion control is of importance.  
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Chapter 4 Estimation of the Hydrodynamic Screening Length in 
κ-Carrageenan Solutions Using NMR Diffusion Measurements 
 
4.1. Introduction 
The diffusion of solutes in a gel matrix plays an important role in applications such as 
the delivery of drugs and the encapsulation of fragrances [Hoare & Kohane, 2008; Fiber et 
al., 2007]. NMR has proved to be a powerful technique for determining the dynamic and 
structural properties of food model systems [Gostan, 2004] and the gelation process of 
polysaccharides. [Matsukawa, 2010; Hikichi, 1993] NMR relaxation times give 
information about the tumbling motion of molecules in food hydrocolloid systems. The 
diffusion coefficients determined by pulsed-field-gradient NMR reflect the translational 
motion of molecules. The diffusion coefficient of solutes in a polymer matrix strongly 
depends on molecular weight, temperature, viscosity and the network structure of the 
diffusing matrix. Any factor that reduces the space delineated by the polymer chains will 
have an effect on the molecular mobility of the solute. In polysaccharide gels, the 
aggregation of polysaccharide chains can enlarge the diffusing space. Therefore, to 
understand the diffusion of molecules in a gel, it is important to understand the aggregation 
behavior. 
 
Fig. 4.1 Idealized disaccharide repeating unit of κ-carrageenan. 
    
-
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κ-Carrageenan is a linear sulfated polysaccharide that is extracted from marine red 
algae. As shown in Fig.4.1, κ-carrageenan comprises two galactose units: 
α-(1-3)-D-galactose-4- sulfate, and β-(1-4)-3,6-anhydro-D-galactose. It is a gelling agent 
that has applications in the food industry [Gilicksman, 1979], as well as the pharmaceutical 
[Guo et al., 1999] and biotechnology sectors [De Ruiter & Rudolph, 1997]. κ-Carrageenan 
in a hot aqueous solution in the presence of cations, has the ability to form 
thermoreversible gels upon cooling. The gelation process of κ-carrageenan has been widely 
studied [Takemasa & Chiba, 2001; Mangione et al., 2003; Zhang & Matsukawa, 2004]. 
The process upon cooling is commonly modeled as the transition of κ-carrageenan chains 
from a random coil to a helix conformation. This transition is followed by the aggregation 
of helices to form a network.  
In the present study, our objectives were to investigate the diffusion behavior of several 
pullulan samples, each with a different molecular weight, in the κ-carrageenan solutions 
and to use the observed restrictions on the diffusion mobility of the pullulan probes to 
estimate the hydrodynamic mesh size of the κ-carrageenan solutions. 
.  
4.2. Experimental procedure 
4.2.1 Materials and sample preparation 
The κ-carrageenan was purchased from Sigma Chemical Co. (St. Louis, USA) and was 
used without any purification. The concentrations of K+, Na+ and Ca2+ in the original 
samples were 6.8%, 0.6% and 2.4%, respectively. No excess salt was added during sample 
preparation. The molecular weights of pullulan sample purchased from Showa Denko Co. 
(Tokyo, Japan) were 2.28×104 g/mol, 4.73×104 g/mol, 10.7×104 g/mol, 21.2×104 g/mol and 
40.4×104 g/mol. Each sample contained one of the pullulan probes and was prepared as 
follows: powdered κ-carrageenan was dispersed in D2O by stirring for 1 hour at room 
temperature, and 0.5 hour at 80 °C. Thereafter, an equivalent amount of 0.2% pullulan/D2O 
solution was added. The mixture was stirred at 80 °C for 0.5 hour to obtain a homogenous 
solution. Five solutions, each with a different molecular weight pullulan, were prepared 
using the same procedure and contained 1% κ-carrageenan and 0.1% pullulan. The 
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concentrations of κ-carrageenan and pullulan are expressed in w/w% of κ-carrageenan and 
pullulan relative to the total weight of the solution. The resulting solutions were 
immediately transferred into a preheated 10mm NMR tube. Samples used to measure the 
diffusion coefficient in a pure solvent were prepared using powdered pullulan mixed with 
D2O and stirred at 80 °C for 0.5 hour. 
 
4.2.2 NMR measurements 
   Self-diffusion coefficient measurements using the pulsed field gradient stimulated 
spin-echo (PGSTE) pulse sequence were performed on a Bruker Avance II 400WB 
spectrometer (Bruker Biospin GmbH, Rheinstetten, Germany) that was equipped with a 
gradient probe. A schematic diagram of the pulse sequence can be found in the literature 
[Dai & Matsukawa, 2012]. The temperature was controlled using a Bruker BVT-3200 
(Bruker Biospin GmbH, Wissembourg, France) and was monitored using an optical fiber 
thermometer (Takaoka Electric Manufacturing Co., Tokyo, Japan) placed in the sample 
tube. Each measurement was carried out after waiting for 30min in order to reach the 
thermal equilibrium. 
  The diffusion coefficients were determined using the following relationship between the 
echo signal intensities and the field-gradient parameters: 
                     I(2τ2+τ1,gδ) = I(2τ2+τ1,0) exp[-γ2δ2g2 (∆-δ/3)D].   (1) 
where I(2τ2+τ1,gδ) and I(2τ2+τ1,0) are the echo signal intensities at t=2τ2+τ1 with and 
without the field gradient pulse, respectively. γ is the gyromagnetic ratio of 1H, δ is the 
duration of the gradient pulses, g is the field gradient strength, and ∆ is the diffusion time 
that corresponds to the time interval between two field gradient pulses. Note that I(2τ2+τ1, 
0) has decayed from the initial intensity, I(0, 0), (i.e., the signal intensity immediately after 
the first r. f. 2/π pulse) by the relaxations of T1 and T2: 
                       I(2τ2+τ1,0)= I(0, 0)/2 exp[-2τ2/T2-τ1/T1].      (2) 
where a decrease in the relaxation times causes a decrease in I(2τ2+τ1,0). 
In all experiments, δ and ∆ were fixed to 1 ms and 10 ms, respectively. The field 
gradient strength, g, was varied in 8 steps within the range of 1.8 to 12.0 T/m, the 
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maximum value varied depending on the diffusing system. The π/2 pulse length for 1H was 
16 µs and the relaxation delay was set to 3.5 s. All chemical shifts were referenced to the 
peak at 5.36 ppm, which is attributed to the anomeric proton of pullulan.  
 
4.3. Results and discussion 
4.3.1 Pulsed-field-gradient 1H spectra of pullulan in a pure solvent and a κ-carrageenan 
solution 
Fig.4.2 (a) shows the stacked 1H spectra of the 0.1% pullulan solution. The signal 
intensity of pullulan decayed with increasing g, reflecting the diffusional motion of 
pullulan in a pure solvent.  
Fig.4.2(b) shows the pulsed-field-gradient 1H spectra of the 1% κ-carrageenan solution 
containing 0.1% pullulan at various temperatures. The peaks that were selected for the 
following analysis of pulluan and κ-carrageenan are indicated by arrows. Detailed 
information on the signal assignments of κ-carrageenan and pullulan can be found in the 
literature [Mclntyre & Calgary, 1993; Tojo & Prado, 2003]. The intensity of the peak from 
the anomeric proton of pullulan at 5.36 ppm, which is separated from the peaks of 
κ-carrageenan, decayed with increasing g and indicates the diffusion of pullulan among the 
network structure formed by the κ-carrageenan chains.   
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Fig.4.2 (a) Stacked PGSTE 1H spectra of a 0.1 % solution of pullulan with Mw=10.7×104 
g/mol at 25 °C as a function of the field gradient strength g ( g was varied from 1.8 to 6.0 
T/m in the vertical direction). The residual water peak is indicated by a “w”; (b) Stacked 
PGSTE 1H spectra of a 1% κ-carrageenan solution containing 0.1% pullulan with 
Mw=10.7×104 g/mol as a probe polymer during the cooling process. The peaks selected for 
the diffusion analysis of the pullulan and κ-carrageenan are indicated by “p” and “κ”, 
respectively. The field gradient strength, g, was varied from 2.0 to 7.0 T/m in the vertical 
direction. 
 
345ppm 345 345 345 345 345345ppm ppm ppm ppm ppm ppm
25 ℃ 45℃ 40 ℃ 35 ℃ 30 ℃ 25 ℃ 20 ℃
g
p κ(a) (b) 
 50
 
Fig.4.3 The signal decay of pullulan (Mw=10.7×104 g/mol) in a 1% κ-carrageenan solution 
(●) and a pure solvent (○) at 25 °C. Because the band selected for the analysis (full spectra) 
overlapped the residual water peak (Fig. 2(a)), the first spectra at the lowest gradient (1.8T 
/m) was excluded from the calculation of the diffusion coefficient of the pullulan in a pure 
solvent. The lines are fits of Eq. 1 to the data. 
 
On the basis of Eq. 1, a semi-logarithmic plot of Ipull (g) as a function of γ2δ2g2(∆-δ/3) 
gives a straight line with a slope of -D if the diffusant has a single diffusion process. The 
semi-logarithmic plots of Ipull (g) at 25 °C in the pure solvent and the κ-carrageenan 
solution, obtained from the results of Fig.4.2, are shown in Fig.4.3. The first spectra at the 
lowest gradient strength in the pure solvent contains the residual water peak and was not 
used for the diffusion analysis. The plots lie on a straight line, indicating that pullulan has a 
single mode diffusion process in both the pure solvent and the κ-carrageenan solution. The 
diffusion coefficient of pullulan, Dpull, is obtained by fitting Eq. (1) to the experiment data. 
The diffusion coefficient of pullulan in the κ-carrageenan solution is smaller than that in 
pure D2O. This result suggests that pullulan suffers restrictions from the κ-carrageenan 
chains, and thus has slower diffusional motion. The restriction effect [Amsden, 1998; 
Matsukawa, Sagae, & Mogi, 2009] on the molecular mobility of pullulan will be discussed 
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in detail later. 
 
4.3.2 Diffusion mobility of pullulan in a pure solvent 
The convection effect was studied by exploring the dependence of Dpull,0 on the diffusion 
time (∆) for the different molecular weights at 25 °C, 30 °C, and 40 °C by varying ∆ from 
10 to 40 ms [Matsukawa, Sagae, & Mogi, 2009; Price, 2009] . Fig.4.4 shows an example 
of the dependence of the diffusion coefficient on ∆ for the 0.1% solution of pullulan with 
Mw=10.7×104. As ∆ increased, the apparent D did not increase at 25 °C, it slightly 
increased at 30 °C, and it increased visibly at 40 °C. These results indicate that the 
convection effect is significant at higher temperatures. For each temperature, Dpull,0 can be  
determined by extrapolating the plot to ∆=0ms. Note that the experimental data was more 
scattered at 40 °C than at the other two temperatures. As a result, the extrapolation is 
inaccurate at 40 °C, and the inaccuracy is expected to increase with increasing temperature. 
Therefore, the temperature dependence of Dpull,0 was calculated using the Dpull,0 measured 
at 25 °C and Stoke-Einstein equation [Einstein, 1956] as described below. 
 
 
 
 
 
 
 
 
 
 
 
Fig.4.4 The diffusion time dependence of the diffusion coefficients of pullulan with 
Mw=10.7×104 g/mol in a 0.1% pullulan solution at 25 °C (●), 30 °C (■) and 40 °C (▲). 
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Fig.4.5 shows the molecular weight dependence of ,,  (Dpull,0 at 25 °C), where To 
represents the temperature in Kelvin, 298K. The relationship between the molecular weight 
Mw, and the diffusion coefficient in a dilute solution, D0, can be expressed as [Doi & 
Edward, 1986] 
D0 =a Mw-ν.   (3) 
where a is a constant related to the segment size of the polymer chain and ν is an exponent 
that depends on the polymer-solvent system. As seen in Fig.4.5, the double-logarithmic 
plot of ,, as a function of Mw is essentially linear, and the experimental result gives 
the following equation: 
,,=2.25×10-8 Mw-0.59 (m2s-1).   (4) 
The value of the exponent, ν, was found to be 0.59 which is close to that for flexible 
polymers in a good solvent. The experimental results obtained by Nisihinari et al. yielded a 
ν equal to 0.51[Nishinari et al., 1991]. The diffrence in ν is most likely attributed to the 
method used to determine ,,.  Nisihinari et al. used the intercept of the 
concentration dependence of the pullulan diffusion coefficient at c→0 using photon 
correlation spectrometry. However, the exact reasons for the deviation of ν are not yet 
clear. 
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Fig.4.5 Double-logarithmic plot of the diffusion coefficient of pullulan in D2O, Dpull,0, as a 
function of the molecular weight, Mw, of pullulan at 25 °C (●). The line is a fit of Eq. 3 to 
the data: D0=a Mwν.  
 
Even for the pullulan sample with highest molecular weight, the concentration of 
pullulan used in the present study (0.1%) is well below the overlap concentration c* 
(c*≈0.8%, c*= =9/?@Aπ
B

B , and NA is the Avogadro constant) [Ying & Chu, 1987]. It is also 
suggested that pullulan molecules behave as flexible random coils in the molecular weight 
range of 20 000 to 80 000 [Kawahara, Ohta, Miyamoto, & Nakamura, 1984]. In this study, 
the molecular weight varied from 22 800 to 404 000. Under these conditions, the 
diffusivity of pullulan can be described using Stokes-Einstein equation. The hydrodynamic 
radius, RH,T, can be determined from Dpull,0,T using 
                             RH,T = 

π,,  
.   (5)  
where  is Boltzmann’s constant, T is the absolute temperature,  is the viscosity of 
heavy water, and T in the subscript of D means the value of the diffusion coefficient at the 
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temperature T. We assumed that RH,T is a constant in the temperature range of the 
measurements. The constant value, 
, should be identical to 
,  for each of the 
pullulan samples, which are calculated from their respective ,,  using Eq. 5. The 
value of ,,  can be determined from Mw using Eq. 4. The following equation is 
obtained: 
                
= 
, = 

π,,
 = 8.82×10-3 Mw 0.59 (nm).   (6) 
Thus, 
 of pullulan is determined from the molecular weight. 
Because of the effect of convection, it is difficult to obtain an accurate value for Dpull,0 at 
high temperatures. Therefore, the values of Dpull,0,T at various temperatures were calculated 
using ,, as follows: 
                      Dpull,0,T = 

π
 = ,,×
/
/
.         (7) 
To estimate the restrictions on the mobility of pullulan in the κ-carrageenan solution, the 
calculated Dpull,0,T were compared to the diffusion coefficients of pullulan in the 
κ-carrageenan solution, Dpull,T, as describled in the following section. 
 
4.3.3 The structural changes in the κ-carrageenan solution during gelation 
The temperature dependence of the echo signal intensities of κ-carrageenan without a 
gradient Ikappa(0), was determined from the intercept of the fit of Eq. 1 to Ikappa(g) as a 
function of γ2δ2g2(∆-δ/3). The temperature dependence is shown in Fig.4.6, where the 
Ikappa(0) were normalized based on Ikappa(0) at 50 °C. The peak in the 1H NMR spectrum at 
5.17 ppm (Fig.4.2(b)) for the proton at position 1 on the β-(1-4)-3,6-anhydro-D-galactose 
unit (Fig. 1) of κ-carrageenan [Tojo & Pardo, 2003] was used for the diffusion analysis. At 
high temperature, Ikappa(0) decreased slightly with decreasing temperature, which is most 
likely a result of an increase in the viscosity upon cooling, the relaxation times, T1 and T2, 
values were thus decreased and led to a decrease in Ikappa(0) according to Eq. 2. At the sol- 
to-gel transition temperature Tsg (28 °C, determined by falling ball method [Dai & 
Matsukawa, 2012; Takahashi, Sakai, & Koto, 1980]), Ikappa(0) decreased sharply. This 
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decrease in Ikappa(0) corresponds to a decrease in the solute κ-carrageenan chains and an 
increase of the helix aggregates, which has strongly restricted molecular motion and a short 
relaxation time [Dai & Matsukawa, 2012; Shimizu, Brenner, Liao, & Mataukawa, 2012]. 
The changing tendency of the diffusion coefficient for κ-carrageenan, Dkappa, indicates that 
Dkappa increased markedly as the temperature decreased below Tsg (data not shown). The 
inclusion of the κ-carrageenan chains into aggregates is thought to decrease the local 
friction through the hydrodynamic interaction and will lead to an increase in the molecular 
diffusion in the interspace. Nonetheless, Dkappa increased more than expected from the 
decrease in the local friction. A GPC measurement shows that the κ-carrageenan used in 
this study has a wide molecular weight distribution, namely, the κ-carrageenan chains 
consist of long and short chains. From these results, it is believed that the relatively short 
κ-carrageenan chains were left as solute among the aggregated bundles, because the 
aggregation tends to gather longer chains in priority. A similar behavior was confirmed for 
gellan and agarose [Dai & Matsukawa, 2012; Shimizu, Brenner, Liao, & Mataukawa, 
2012]. Finally, Ikappa(0) at 20 °C was only approximately 10% of that at 50 °C, reflecting an 
ability of κ-carrageenan to gel. 
 
 
 
 
 
 
 
 
Fig.4.6 The temperature dependence of the echo signal intensity of κ-carrageenan without 
a gradient Ikappa(0) during the cooling process. The Ikappa(0) were determined using Eq. 1. 
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4.3.4 Molecular mobility of pullulan in a 1% κ-carrageenan solution 
The dilution of the κ-carrageenan concentration in solute due to the formation of 
aggregates was expected to affect the mobility of the molecules existing in the interspaces 
of the network formed by the κ-carrageenan chains. To further elucidate this effect, several 
pullulan samples, each with a different molecular weight, were added to the κ-carrageenan 
solution as probe molecules. Their diffusion coefficients were measured at various 
temperatures. The results are shown in Fig.4.7(a). At high temperatures, Dpull decreased 
slightly because the molecular mobility decreased with decreasing temperature. Below Tsg, 
Dpull increased with decreasing temperature, indicating an increase in the molecular 
mobility. As discussed above, the κ-carrageenan chains were involved in aggregation near 
Tsg. The formation of thick aggregated bundles and network structures by solute 
κ-carrageenan chains is thought to result in an increase in the network mesh size [Dai & 
Matsukawa, 2012; Matsukawa, Sagae, & Mogi, 2009; Shimizu, Brenner, Liao, & 
Mataukawa, 2012]. The diffusion of pullulan is thought to be restricted by hydrodynamic 
interactions with the solute κ-carrageenan chains as well as the network of aggregates. 
Therefore, the restriction became smaller as the solute κ-carrageenan concentration 
decreased and the the network mesh size increased, both of which result from the 
thickening of the aggregates upon further cooling.  
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Fig.4.7 The temperature dependence of (a) the diffusion coefficients of pullulan, Dpull; and 
(b) the ratio Dpull/Dpull,0 in the 1% κ-carrageenan solutions for pullulan with different 
molecular weights: Mw=40.4×104 g/mol (□), Mw =21.2×104 g/mol (●), Mw =10.7×104 g/mol 
(○), Mw =4.73× 104 g/mol (▲) and Mw =2.28×104 g/mol (△). Lines are drawn only as a 
visual aid. 
 
 
(a) 
(b) 
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4.3.5 Calculation of hydrodynamic screening length in a κ-carrageenan solution 
As shown in Fig.4.7(a), higher molecular weight pullulan is characterized by a stronger 
restriction from the κ-carrageenan chains. For a better understanding of how the 
κ-carrageenan chains restricted the diffusion of pullulan, the diffusion coefficients of 
pullulan (DPull) are divided by their values in a pure solvent (DPull,0). The ratios, DPull/DPull,0, 
are plotted as a function of temperature in Fig.4.7(b). The ratio is less than 1 over the entire 
temperature range. This result clearly shows that the diffusion of pullulan in a 
κ-carrageenan solution and gel is restricted by hydrodynamic interactions. During the 
cooling process, DPull/DPull,0 was nearly constant at high temperatures, and increased with 
decreasing temperature below Tsg. This result suggests that the restriction on DPull by the 
κ-carrageenan chains deceased. Moreover, it is evident that a larger molecular weight of 
pullulan leads to a lower value of DPull/DPull,0, confirming that the restriction is higher for 
larger molecular weight pullulan. The restriction by the hydrodynamic interaction on the 
mobility can be expressed as [Cukier, 1984; De Gennes, 1976; Matsukawa & Ando, 1996] 
                            DPull / DPull,0 = exp(-RH/ ξ).  (8) 
where RH is the hydrodynamic radius of the probe polymer, and ξ is the hydrodynamic 
screening length, considered to represent the hydrodynamic mesh size formed by the host 
polymer. Therefore, ξ can be calculated by plotting the ratio DPull/DPull,0 as a function of 
RH. 
Semi-logarithmic plots of the DPull/DPull,0 vs. RH at various temperatures are shown in  
Fig.4.8. By Eq. 8, the slope represents the inverse of ξ. Therefore, a decrease in the slope 
indicates an increase in ξ. The slopes were similar above Tsg and became gentle with 
decreasing temperature below Tsg. The estimated ξ are summarized in Fig.4.9 and were 
almost constant with a value of approximately 9.5 nm above Tsg. ξ increased with 
decreasing temperature below Tsg with values of 11.9nm at 25 °C and 14.4nm at 20 °C, 
respectively. From this result, it is believed that the κ-carrageenan chains formed 
aggregates and enlarged the interspace among networks of the solute κ-carrageenan chains 
and the aggregates to increase ξ. This finding is in good agreement with the behavior of 
Ikappa (0) shown in Fig.4.6.  
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Fig.4.8 Semi-logarithmic plots of Dpull/Dpull,0 as a function of the hydrodynamic radius of 
pullulan, RH, at 20 °C ( ●), 25 °C ( ■), 30 °C ✳( ), 35 °C (□), 40 °C (▽), 45 °C (△) and 
50 °C (○). The lines are fits of Eq. 8 to the data: DPull/DPull,0 = exp(-RH/ξ). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4.9 The temperature dependence of the hydrodynamic screening length, ξ, in a 1% 
κ-carrageenan solution, estimated from a fit of Eq. 8 to the results shown in Fig.4. 8.  
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Note that the intercepts of the plot in Fig. 8 were not equal to 1 and were shifted to 
higher values below Tsg. This behavior is attributed to the differences in the local viscosity 
of the network interspace and the pure solvent. The local viscosity is increased by the 
solute κ-carrageenan chains that are smaller than the probe pullulan. These chains cannot 
contribute to the hydrodynamic restriction on the probe mobility as a network, but can 
increase the local viscosity. The increase of the intercept most likely indicates that the local 
viscosity has decreased by involving the smaller κ-carrageenan chains with the aggregation 
below Tsg. However, the reason for a value greater than 1 is not well understood.  
 
4.4 Conclusions 
The mobility of pullulan with different molecular weights in a 1% κ-carrageenan 
solution has been studied using the PGSTE method. The diffusion behaviors of pullulan 
probes were elucidated in terms of the restriction effect of the hydrodynamic interaction. 
The diffusion coefficients of pullulan show a strong dependence on the geometry of the 
κ-carrageenan network. Furthermore, the hydrodynamic screening lengths, ξ, were 
calculated by fitting DPull/DPull,0 as a function of RH. Because the κ-carrageenan chains are 
involved in aggregation, ξ increased markedly below Tsg. It is expected that this 
methodology can be used to estimate ξ in gels formed by polysaccharide aggregates.    
 
 
 
 
 
 
 
 
 61
References 
Amsden, B. (1998). Solute diffusion in hydrogels. An examination of the retardation effect. 
Polymer Gels and Networks, 6, 13-43. 
Cukier, R. I. (1984). Diffusion of Brownian Spheres in Semidilute Polymer Solutions. 
Macromolecules, 17, 252-255. 
Dai, B. N., Matsukawa, S. (2012). NMR studies of the gelation mechanism and molecular 
dynamics in agar solutions. Food Hydrocolloids, 26, 181-186. 
De Gennes, P. G. (1975). Dynamics of Entangled Polymer Solutions. II. Inclusion of 
Hydrodynamic Interactions. Macromolecules, 9(4), 594-598.   
De Ruiter, G. A., & Rudolph, B. (1997). Carrageenan biotechnology. Trends in Food 
Science & Technology, 8 (12), 389-395. 
Doi, M., Edward, S. F. (1986). The theory of Polymer Dynamics. New York, Oxford 
University Press. 
Einstein, A. (1956). Investigation on the theory of Brownian motion. New York, Dover 
Publications Inc, pp: 1–18. 
Fieber ,W., Herrmann, A., Ouali, L., Velazco, M. I., Kreutzer, G., Klok, H. A., Ternat, C., 
Plummer, C. J. G., Manson, J. A. E., Sommer, H. (2007). NMR Diffusion and 
Relaxation Studies of the Encapsulation of Fragrances by Amphiphilic Multiarm Star 
Block Copolymers. Macromolecules, 40(15), 5372-5378. 
Glicksman, M. (1979). Polysaccharides in food: Gelling hydrocolloids in food product 
applications. (eds. Blanshard, J. M. V. & Mitchell, J. R.) London, Butterworths 
publisher, pp: 185-204. 
Gostan, T., Moreau, C., Juteau, A., Guichard, E., Delsuc, M. A. (2004). Measurement of 
aroma compound self-diffusion in food models by DOSY. Magnetic Resonance in 
Chemistry, 42, 496-499. 
Guo, J. H., Skinner, G. W., Harcum, W. W. and Barnum, P. E. (1999). Investigating the 
fundamental effects of binders on pharmaceutical tablet performance. Drug 
Development and Industrial Pharmacy, 25 (10), 1129-1135. 
 
 62
Hikichi, K. (1993). Sol-Gel Transition of κ-carrageenan as Viewed Through NMR. 
Polymer Gels and Networks, 1, 19. 
Hoare, T. R., Kohane, D. S. (2008). Hydrogels in drug delivery: Progress and challenges. 
Polymer, 49, 1993-2007.  
Kawahara, K., Ohta, K., Miyamoto, H., Nakamura, S. (1984). Preparation and solution 
properties of pullulan fractions as standard samples for water-soluble polymers. 
Carbohydrate Polymers, 4(5), 335-356. 
Mangione, M. R., Giacomazza, D., Bulone, D., Martorana, V., San Biagio, P. L. (2003). 
Thermoreversible gelation of κ-carrageenan: relation between conformational 
transition and aggregation. Biophysical. Chemistry, 104, 95-105. 
Matuskawa, S. (2010). Food Hydrocolloids: Characteristics, Properties and Structures (ed. 
Hollingworth, C. S.). New York, Nova Science Pub Inc, Ch. 5, 145-178. 
Matsukawa, S., Sagae, D., and Mogi, A. (2009). Molecular diffusion in polysaccharide gel 
systems as observed by NMR. Progress in colloid and Polymer Science, 136, 171-176. 
Matsukawa, S., Ando, I. (1996). A Study of Self-Diffusion of Molecules in Polymer Gel by 
Pulsed-Gradient Spin-Echo 1H NMR. Macromolecules, 29, 7136-7140. 
Mclntyre, D. D. and Calgary, H. J. V. (1993). Structural Studies of Pullulan by Nuclear 
Magnetic Resonance Sepctroscopy. Starch, 45, 406-410. 
Nishinari, K., Kohyama, K., Williams, P. A., Phillips, G. O., Burchard, W., Ogino, K. 
(1991). Solution properties of Pullulan. Macromolecules, 24, 5590-5593. 
Price, W. S. (2009). NMR Studies of Translational Motion. New York, Cambridge 
University Press. 
Shimizu, M., Brenner, T., Liao, R. Q., Matsukawa, S. (2012). Diffusion of probe polymer 
in gellan gum solutions during gelation process studied by gradient NMR. S. 
Matsukawa, Food Hydrocolloids, 26(1), 28-32. 
Takahashi, A., Sakai, M., Kato, T. (1980). Melting temperature of thermally reversible gel: 
Ⅵ effect of branching on the sol-gel transition of polyethylene gel. Polymer Journal, 
12, 335-341. 
Takemasa, M., and Chiba, A. (2001). Gelation Mechanism of κ- and ι-Carrageenan 
 63
Investigated by Correlation between the Strain−Optical Coefficient and the Dynamic 
Shear Modulus Macromolecules, 34(21), 7427-7434. 
Tojo. E., Prado. J. A (2003). Simple 'H NMR method for the quantification of carrageenans 
in blends. Carbohydrate Polymers, 53, 325-329.  
Ying, Q., Chu, B. (1987). Overlap Concentration of Macromolecules in Solution. 
Macromolecules, 20(2), 362-366.  
Zhang, Q. J., Matsukawa, S. (2004). Theoretical analysis of water 1H T2 based on chemical 
exchange and polysaccharide mobility during gelation. Food Hydrocolloids, 18, 
441-449. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 64
Chapter 5 Conclusions 
 
A number of polysaccharides in aqueous solution transform into gels. Some of them 
form thermo-reversible gels, which undergoes a transition from sol to gel with decreasing 
temperature, or from gel to sol with increasing temperature. The sol to gel transition is a 
macroscopic phenomenon, which should be explained from a microscopic viewpoint. 
Nuclear magnetic resonance (NMR) is a powerful tool for investigations at the molecule 
lever. Its ability to determine the diffusion coefficient with high accuracy has been proved 
in various studies. In the present study, gelation process of κ-carrageenan was investigated 
based on the change in signal intensities and diffusion coefficients obtained by NMR 
measurements. Structure changes of κ-carrageenan are revealed by combining the NMR 
results with molecular weight distribution of κ-carrageenan. Further, the hydrodynamic 
screening length in κ-carrageenan solutions was estimated from the restriction of probe 
polymer in translational motion. 
  
Conclusions obtained in this work are summarized as follows: 
 
1.   Changes in molecular mobility of polysaccharides during gelation process were 
clarified from aspects of rotational motion and translational motion. Spin-spin 
relaxation times of κ-carrageenan increased with decreasing temperature below the 
gelation temperature Ts-g, which results from the dilution of the solute κ-carrageenan 
followed by aggregation. The behavior of Dkappa and the wide molecular weight 
distribution of κ-carrageenan provide evidences that the aggregation gathers longer 
chains in priority. Meanwhile, changes in echo signal intensity of κ-carrageenan 
without a gradient Ikappa(0) provide a quantitative perspective on how much liquid-like 
polysaccharide chains (“solute κ-carrageenan”) left in the network during the 
continuous cooling process.  
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2.    By measuring the diffusion coefficient of the pullulan, added to the κ-carrageenan 
solution as a probe molecule, we successfully assessed the changes in the 
microscopic environment that affected the molecular mobility in κ-carrageenan 
solution. Pullulan was found to be sensitive to the change of microscopic 
environment in κ-carrageenan solution. Below Ts-g, the diffusion coefficient of 
pullulan Dpull increased with decreasing temperature due to the dilution of solute 
κ-carrageenan concomitant with the gelation.   
 
3.    Fraction of κ-carrageenan
 
that has
 
smaller molecular weight than pullulan was found 
in the GPC profile and Dkappa reached a higher value than Dpull below a certain 
temperature. Based on these two results, we proposed a simple physical model, 
where the κ-carrageenan were divided into two portions, one portion has larger 
molecular weight than that of pullulan, act as network for diffusion of pullulan. The 
other portion is κ-carrageenan chains that possess smaller molecular weight than 
that of pullulan, which cannot act as network but increase the local viscosity. Upon 
cooling, a portion of long κ-carrageenan chains firstly started to form aggregates. 
After all the long κ-carrageenan chains involved in aggregation, a portion of short 
κ-carrageenan chains subsequently formed aggregates with further cooling. 
 
The diffusion coefficient of pullulan showed a strong dependence on the 
concentration of κ-carrageenan. In order to further elucidate this effect, the solute 
concentration of long κ-carrageenan chains that have larger molecular weight than 
the pulluan probe was calculated from Ikappa(0) and the total κ-carrageenan 
concentration using the proposed model. The value of Dpull was inverse proportional 
to the solute κ-carrageenan concentration, which is caused by an increase in 
hydrodynamic interactions with the solute κ-carrageenan chains.  
                     
4.    The diffusion coefficients of five pullulan probes in dilute solution Dpull,0 were 
measured. A relation between Dpull,0 and molecular weight of pullulan was obtained. 
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The characteristic exponent, ν was found to be 0.59, which is close to the 
theoretical value for flexible polymers in a good solvent. 
      
5.     The hydrodynamic screening length in 1% κ-carrageenan solution was estimated in 
detail by utilizing a variety of different pullulan probes, each with a different 
molecular size. Pullulan with higher molecular weight is characterized by a 
stronger restriction from κ-carrageenan chains. The hydrodynamic screening 
length was then calculated from the dependence of Dpull/ Dpull,0 on the 
hydrodynamic radius of pullulan. 
 
6.     Corrections between the structural changes of κ-carrageenan and the diffusion 
behavior of pululan probes have been observed by means of PGSTE NMR, 
PGSTE method was proved to be a powerful tool for investigating the molecular 
mobility and structural changes in κ-carrageenan solutions. It is expected that this 
methodology can be generally developed to examine the gel structure and 
diffusion behaviors in polysaccharide systems.   
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